The problems of high temperature oxidation and corrosion of Si3N4 and SiC are discussed, other ceramics usually do not meet the requirements of structural applications at high temperatures.
Introduction
Defining engineering ceramics for high temperature applications as those used to build structures to endure mechanical or thermomechanical stress at temperatures 1000°C we are mainly left with Si3N4-and SiC-based ceramics. Oxides, silicides and other types often have good corrosion resistance at high temperatures but are not strong enough to be used for structural applications.
The term "oxidation of Si-based non-oxide ceramics" is historically established. From a chemical point-of-view the processes involved describe reactions with oxygen towards equilibrium phases without a formal positive valency change of silicon (Nickel, 1990) . Thus, regardless of the reacting species all processes described here are corrosion reactions.
The two forms of corrosion (active, passive) and the conditions for the boundary will therefore be discussed using examples from Si3N4-and SiC-based ceramics.
Both Si3N4 and SiC are ceramic materials which have high oxidation resistance , 1979b , Nickel & Quirmbach, 1991 in atmospheres dominated by oxygen. The temperature limits are dependent on the application requirements (length of treatment, erosional forces etc.). In general SiC can be used to higher temperatures compared to Si3N4.
The excellent oxidation resistance comes from the formation of a protective layer based on 5i02. It may consist of Si02 in glassy and/or crystalline form and is modified by the additives used for the sintering process and impurities deposited during application.
In particular in Si3N4 ceramics significant amounts of additives are used. During oxidation the interaction of Si02 and these additives results in the formation of secondary phases like silicates or the existance of a complex glass. Examples for this interaction with additives and salts ("hot corrosion") will be given.
However, if the atmosphere is strongly reducing this layer is no longer formed and the material is free to react with its environment. In this case Si-based ceramics may react very rapidly with metals such as Fe and Ni to form silicides and liquids at temperatures even below 1000°C (Schröder, 1986) . They may also react with gas species in an active oxidation mode, i.e. they are decomposed to gaseous species.
For high temperature applications it is thus crucial to be aware of the limits of the protective Si02-film production on theses ceramics ('passive oxidation). The transition to the active mode is usually described in terms of a critical P(02) at a given temperature. The theorectical derivation of this transition has been described by Wagner (1958) and is briefly outlined below.
On the active-passive boundary Wagner (1958) discussed the problem for the case of metallic silicon. The thermodynamic stability of Si02 based on the reaction Si(s,1) + 02 Si02(s,1) [1] extends to very low oxygen partial pressures. At P(02) conditions much higher then those predicted via reaction [1] Si begins to oxidise actively, i.e. it is consumed according to 6 so 0 2 Fig. 1 : Outline of the Wagner (1958) model for the active/passive oxidation boundary: A boundary layer at the material/atmosphere interface with gradients of P(02) and P(SiO(g)) is established through 02-consumption and diffusion. The critical pressures are determined by the compatibility of substrate and oxide layer (reaction [4] ).
Si(s,1) + 0.5 02 ,= SiO(g) [2] . Osio _ Dsio )0.5 602 DO2 [5 ] The solution of this problem is thought to be a transport problem (Fig. 1) . A boundary layer exists in the atmosphere next to the material, because oxygen is used up very rapidly at the interface by reaction [2] , producing a partial pressure P(SiO(g))* at the gas/material interface. The product gas (SiO(g)) has to diffuse outwards while 02 is diffusing towards the material surface. Accordingly a gradient of P(02) and P(SiO(g)) is established. Its build-up depends on the individual effective thickness of the boundary layer for each species (6(02), 6(SiO(g))) and the diffusion coefficients (D02, Dsio). The P(SiO(g))* may hence be related to the P(02) in the bulk gas by P(SiO(g))* = 2 P(02)
The critical pressure of SiO(g) is given by the reaction 0.5 Si(s,1) + 0.5 Si02(s,1) SiO(g) [4] .
At equilibrium, the P(SiO(g)) for this reaction defines the compatibility between substrate and the oxide layer (one may view this also as the condensation of (SiO(g))). This P(SiO(g)) determines via equation [3] the critical oxygen partial pressure P(02)max. Using the relation Wagner (1958) derived the estimate of P(02),,, for Si:
where P(SiO(g))eq is the P(SiO(g)) calculated for reaction [4] . For ceramics appropriate reactions for active and passive oxidation can be formulated.
This compatibility between substrate and oxide layer may be called the "primary" active/passive transition, because here the oxide can not form. There are situations where the pressure of the product gas exceeds the ambient pressure without exceeding P(02)max. In this case an oxide must form but is removed by spallation and bubble formation. Continously repeating this process would lead to a bare surface and overall weight losses. Thus macroscopically it would be recognized as an active oxidation. The critical condition for exceeding the ambient pressure could therefore be called a "secondary" active/passive boundary. Thermodynamics show that Si3N4 and 5i02 can not coexist stably at any temperature (Singhal, 1976, Fig. 2) . If a gradient of P(02) exists during the oxidation of Si3N4 then it has to range from values corresponding to the equilibrium between Si3N4 and Si2N20 at the interface up to the P(02) of the bulk gas. Is this P(02) of the bulk gas in the Temperature (°C) Fig. 3 : Active-to-passive oxidation transition of Si3N4 in the Si-N-0 system: Experimental data of Sheehan (1982), Vaughn & Maahs (1990) and calculated values using reactions [7] (solid line) and [8] (stippled line) (Nickel & Quirmbach, 1991) .
stability field of Si02 the formation of a Duplex-layer consisting of an "inner" Si2N20-layer at the material interface and an "outer" Si02-layer at the gas-layer interface is predicted by Fig. 2 . This has been confirmed experimentally.
Accordingly the compatibilty reaction defining the critical reaction may either be between material and inner layer or between inner and outer layer. For Si3N14 we find
Using estimates of diffusion coefficients similar to the Wagnertreatment the critical conditions were calculated by Nickel & Quirmbach (1991) (Fig. 3 ).
For SiC the conditions are more complicated, because condensed SiO is a possible phase to create an "inner" layer between SiC and Si02. However, this phase would be difficult to observe as it is unstable at low temperatures and its coexistence limits with SiC depend on carbon activity. Temperature (°C) Fig. 4 : Aticve-to-passive boundary for SiC in the Si-C-0 system: Experimental data of Gulbranson et al. (1966) , Hinze & Graham (1976) and Vaughn & Maths (1990) compared to the prediction by Nickel (1991) . The shaded area corresponds to the secondary boundary.
Based on the data of Chase et al. (1985), Kubaschewski & Alcock (1979) and Nagamori et al. (1986 ) Nickel (1991 derived new estimates of thermodynamic parameters for condensed SiO and argued that at low carbon activities and high temperatures the critical P(02) for the active/passive boundary for SiC is dependent on the reaction
while at high carbon activities or low temperatures the reaction
is critical. The comparison between the theoretical calculations and experimental data is shown in Fig. 4 .
The production of SiC involves the existence of free carbon. A SIC used in an application would thus start with an carbon activity of 1. If free carbon can not be removed fast enough to lower the carbon activity the CO-pressure will eventually exceed 1 bar. Here, at the "secondary" active/passive transition large bubbles are inevitably formed and spallation must occur. This boundary the the SiC-SiOx interface is as low as 1520°C for high carbon activities, but will rise to app. 2050°C for carbon activities appropriate for the coexistance of Si(1), SiC(s) and Si0(1).
If the oxide layer on SiC can indeed be described as consisting of an inner layer of Si0 (1) and an outer layer of Si02 we will approach this secondary transition at temperatures of 1700-1800°C because the reaction Si02(s,1) + C SiO(s,1) + CO
[11]
produces CO-pressures > I bar.
Experimental evidence for the existence of this "secondary" boundary has been presented by Schneider et al. (1990) (Fig.  5 ). This secondary transition may well be the ultimate boundary for the use of SiC at high temperatures in oxidising environments at least for long time exposures.
difficult to access by experiment. Nonetheless for most gas turbine environements the low critical pressures for 02 and/or H20 imply a passive oxidation up to high temperatures for both Si3N4 and SiC.
Passive Oxidation and the Limits of Applicability
The formation of an oxide layer on Si-based non-oxide ceramics follows linear, parabolic, logarithmic or mixed growth laws. The formulae for the basic laws are: In inert gases or in vacuum SiC is always in the active range because a dissociation pressure according to
is calculatable or measurable.
The active-passive transition in other gases is for many pure gas species relatively low. For C12 weight losses of SiC were observed at temperatures below 1000°C (Park et al., 1990) due to the formation of gaseous Chlorides:
The effect of an oxygen addition to Cl is dependent on the 02-content of the gas, the C-content of the SiC and the temperature. 2% 02 in C12 may show a faster active corrosion at 1000°C (Marra et al., 1989) , but passive oxidation at 1300°C.
Hydrogen puts SiC likewise into the active regime because even at low temperatures the equilibria favour the production of gaseous species, e.g.
However, these reactions are kinetically hampered at low temperatures and thus significant weight losses are observed only at temperatures 1500°C.
Oxygen addition to hydrogen corresponds to an H20-attack with active corrosion at 1000-1300°C at concentrations as low as 25 ppm H20 (Hallum & Herbell, 1988) . The activepassive boundary is at low H20-pressures (4. 10-7 MPa at 1000°C and 10-5 -3 • 10-6 MPa at 1200°C, Antill & Warburton, 1971).
The active-passive boundary for many gases is not known and In real application cases no simple law is followed exactly and changes in growth laws and discontinuities are observed. However, often a model forcing the data to yield parabolic rate constants may be used to compare materials. This has been done for SiC and Si3N4 (Figs. 6 and 7) with different additive systems and processing routes.
From Figs. 6 and 7 it is evident that the oxidation resistance of SiC can be as high as the pure material itself, but Si3N4 rarely does preserve the inherent oxidation resistance. This is understandable in light of the fact that the sintering of Si3N4 is done with much higher amounts of sintering additives and thus the influence of these additives on the properties of the formed layer can not be neglected.
It is also evident from Figs. 6 and 7 that the rate constants of a family of SiC or Si3N4 (defined as materials with the same type of additive or processing route) typically have differences of 2-4 magnitudes of order at a given temperature. Fig. 6 demonstrates that these differences in parabolic rate constants have a significant effect for the material behaviour: if the application in mind can tolerate a change of size of the component of 100 gm the lifetime of the component may change from a day to almost infinite by a change of rate constants from 10-9 to 10-13 [kg2/(m4 s)]! The values of Fig. 8 are taken from Fig. 7 for 1300°C using data from a "poor" Mg0-doped, a "good" Y203+ Al203-doped Si3N4 (Mg SN and Y/A1 SN, respectively) compared with data for pure (powder) of Si3N4.
The differences between the families are explained by either the changes in reaction mechanisms or the changes in properties of the oxide layer. For example Mg may diffuse rapidly through the intergranular glass phase, its diffusion as a cation may become rate controlling for a Mg0-doped Si3N4 (Clarke, 1983) , while the slow diffusion of Y in a Y203-doped Si3N4 renders the molecular oxygen transport through Si02 as the rate controlling factor (Ernstberger, 1985) .
Within the family the knowlegde of the phase relations is required to explain the differences. Fig. 9 shows a general trend, examplified for data for Mg0-containing Si3N4 of Clarke & Lange (1980) : An increase in amount of sintering additives leads to a increase in rate constants (hence a poorer oxidation resistance). A change in relative proportions of the components of the sintering additive can further influence the oxidation resistance: Very low Mg0:Si02 ratios in Fig. 9 drastically enhance the oxidation resistance because the system approaches the the pure Si3N4-02 system. A change in Mg0:Si02 ratio at higher Mg0-levels additionally modifies the oxidation resistance because the properties of the glass phase (D02, Dmg, DN2) are changed.
The detailled influence of chemistry, and hence phase relation change can be much more complicated as shown by the data Fig. 10 ) on Y-Si3N4. Here simple rules like "increase in ratio x:y leads to increase of oxidation resistance or "more additives necessarily mean poorer oxidation resistance" fail. This is due to the fact that here different phases within the ceramic body are stabile (Napatite, N-wollastonite or N-melilite) at different chemistries and each phase has a different oxidation behaviour on top of a modification of the layer, which may crystallise Y-silicates. Detailled knowledge of the phase relations is necessary to understand the behaviour. This means on the other hand that this knowledge may be used to tailor ceramics towards an improved oxidation behaviour! Raising the temperatures above critical temperatures causes a strongly accelerated oxidation and the formation of reaction product gas bubbles, e.g. of N2 according to 2 Si3N4 + 1.5 02 3 Si2N20 + N2
[18]. makes this ceramic superior in its limits, because the melting point of pure Si02 is at very high temperatures. A good material can be used in oxidising conditions at least to 1600°C.
The modification of the surface layer may also come from external sources, i.e. substances deposited on it during application or other reactive gas species. Many questions here remain unanswered, in general a decrease in oxidation resistance with impurity content is expected.
It is known from metals that in particular molten salts can cause severe corrosion. This is known as The bubble formation is favoured by differences in D02 and DProduct gas in the glass. The effect is enhanced by the crystallisation of N-free phases like Silicates and Si02 in the scale, trapping N2. As a result we have a structured scale with layers and the tendency to separate the interface material-oxide (Nickel et al., 1989, Fig. 11 ).
Naturally the scale in Fig. 11 would be easily eroded in turbine applications and could not act as a protective layer. The critical conditions are usually related to the eutectic melting points of the sintering additive system, for Y-Al-Si3N4 this is app. 1350°C.
Thus, apart from the conditions which have to be specified by the requirements of the application -e.g. the allowable size change -there are temperature limits by this bubble formation process. These may be controlled by the sintering additive system.
The fact that much less sintering additives are used for SiC
Hot Corrosion
Hot corrosion studies of structural ceramics are as yet few and not well quantified. At higher temperatures (> 1100°C, above the dew point of Na2SO4) there is evidence that both Si3N4 and SiC are highly resistant to corrosion by oxidising fuels containing Na, V and S (Singhal, 1974) .
The critical conditions for hot corrosion are, like those for metals, between the melting point of the salt (for Na2SO4 884°C) and its dew point (up to 1050°C for usual jet fuel and low salt loadings at several atmospheres pressure).
The Na2SO4 in real applications is not a primary impurity but caused by the burning of salt-and sulfur-bearing wet fuel:
2 NaC1 + SO3 + H20 Na2504 + 2 HC1 [19] Tests with melt immersion, thin sheet application and burner rigs with Na2CO3 and Na2504 at 900-1000°C (Jacobson & Fox, 1988 , Fox & Jacobson, 1988 , Fox & Smialek, 1990 show that the Si02-layer is attacked by processes like Na2SO4(1) + xSi02(s,1) Na20 xSi02(1) + SO3 [20] .
The Si02 is produced simulaneously via oxygen transport through the scale. True comparable data for the speed of corrosion are scarce. It seems however, that the ceramics are corroded slower than Si or superalloys and that Si3N4 is superior to SiC. The last fact is attributed to either a Si2N20-layer at the Si3N4 interface or N2-diffusion as rate controlling factor.
However, it should be noted that the hot corrosion of ceramics leads to pitting. The high strength of ceramics is obtained by very small critical flaws. Pits act as relatively large critical flaws and thus substantial reductions in strength are observed and expected (Smialek & Jacabson, 1986 ).
As mentioned above the problem can be overcome by raising the temperature above the dew point and ceramics may still be strong enough at high temperatures.
The temperature can not be raised indefinitely without running into other corrosion problems: The gaseous species become more reactive and active corrosion occurs above the limits discussed above. where SiC is exposed to hydrogen at different flow conditions (Nickel, submitted, using eq. [22] and [23] ).
500

Active Oxidation and the Limits of Application
If the material oxidised actively, i.e. it is decomposed into gaseous species, the rate controlling step is the exhchange of reactive gas species and reaction product. For constant conditions linear kinetics according to equation [15] are expected.
The prediction of the rate of weight loss involves a theoretical model for each specific application. In particular, the velocity of gas flow over the component and the charcater of the gas flow (laminar, turbulent) have to be known. If enough data of the system are available, the corrosion speed can be estimated via diffusion coefficients and gas rheology parameters (Kim & Ready, 1989) Simple models for still and slow flowing atmospheres have been presented by Nickel (1989) . In these models it is argued that a slow to moderate gas flow may be treated as a repeated exchange of an atmosphere of constant volume, which goes into equilibrium. For equilibrium conditions at constant volume of the gas chamber thermodynamics dictate that the corrosion depth x is goverened by
where M and p are the molecular weight and density of the material, a is the area of material exposed to the volume of the gas chamber Vg, filled with the corrosive environment, Pi is the partial pressure of the species, which is the main contributer to weight loss and u is the stoichiometric factor relating this species to material loss. A thermodynamic analysis to identify this main reaction and the partial pressure of the species is required to calculate the value x.
Treating a gas flow as repeated exchanges of this atmospheres leads to a calculation of a corrosion rate x [depth/time] reflect the increase of stability of CH4 with decreasing temperature. At these low temperatures the model can not be applied because of the slow kinetics of CH4-formation from Si C.
Such charts may be read in different ways: if a certain corrosion rate is allowed for by the application the level of maximum temperatures of use can be read. Due to the simplifications inherent in these models they are to be viewed as a guide to estimate magnitudes of order, not to estimate corrosion rates exactly. Confirmation by realistic experimental testing will always be required. Even when restricting oneself to two types of ceramics, Si3N4 [22] and SiC it has to be noted that there is no single behaviour for a type. The ceramic has to be specified in terms of composition including sintering additives just as exactly as any alloy is treated by engineers. A natural boundary condition for a maximum corrosion speed is given by a Hertz-Langmuir-type behaviour, where kinetic hindrences are neglected. Here the assumption that every gaseous particle produced at the surface is immedeately removed with a speed only goverened by gas kinetics leads to:
with Jim, being the maximum obtainable mass flux for extreme cases.
Using equations [22] and [23] parameter studies of a given application situation show the influence of the physical parameter V (Nickel et al., submitted, Fig. 12) . The theoretical corrosion rates were calculated for a situation depicted in the inlet of Fig. 10 : a SiC tube of 320 mm length and 200 mm diameter is exposed to flowing hydrogen.
The peculiar shape of the loss curves in Fig. 10 below 1500°C Furthermore the application has to be specified in terms of physical (gas flow etc.) and chemical parameters (e.g. composition of atmosphere) to be able to predict and test the behaviour of the material.
As a rule of thumb most gas turbine environments are oxidising for the Si-based non-oxide ceramics. Within such conditions SiC can be used to high temperatures, while Si3N4 may show a higher resistance to hot corrosion. Hot corrosion can be avoided using temperatures > 1100°C.
High temperature limits for the use of Si3N4 are the eutectic temperatures for the glass phase, usually in the order of 1200-1500°C.
A likely high temperature boundary for SiC is 1700-1800°C, where a secondary active-to-passive transition by bubble formation and spallation occurs. 
